I. INTRODUCTION
N,N-dimethylformamide (DMF) is a commonly used solvent and in applications, such as electrospinning 1 and electric field assisted assembly of nanomaterials, 2, 3 it works under an externally applied electric or magnetic field, for example, for electrospinning with needle spinnerets an electric field of about more than 0.01 V/nm at the tip of the needles is generally used. In these processes, the external electric and magnetic fields show significant influence on the intermolecular interaction 4 and, as a results, affect the structure and properties of the liquid. The experimental studies on the influence of external electric field have been limited to the examination of the process and the properties of final products, because of the difficulties in physically measuring the properties of the solution as the external field is presented. For example, the electrostatic properties of a polyvinylidene fluoride (PVDF) and N,N-dimethylformamide electrospinning solution depend on electric field intensity and polarity electric field, whereas the dependence was only presented by the process. 5 With the applied electric field increasing, the diameter of the electrospun fibers gradually decreased. 6 The electrical conductivity and viscosity of DMF solutions were measured under the conditions only without external fields and it was found that DMF induced strong elongation force during the electrospinning process due to its strong polarization. 7 Computer simulations present a strong capability to analyse the properties of materials under extreme conditions at molecular level, providing a direct route from microscopic details of a specified micro-or nano-system to macroscopic properties of experimental interest. The dependence of the structural and electrical properties of the DMF liquid and its solutions on intermolecular interactions, 8 as well as the relations between the structures and thermodynamic and transport properties, has been widely studied through computer simulation. Most of these studies were under normal conditions. To the best of our knowledge, the intermolecular interaction in liquid DMF under external electric fields and its corresponding structure from molecular dynamics (MD) calculations have not been published yet. However, this is important to understand the behavior of DMF liquid in order to facilitate the better use of external electric fields and design of the nano-device.
The reliability of MD simulation results for liquids depends crucially on the accuracy of the intermolecular potential used. Several all-atom force fields and united-atom force fields have been proposed for liquid DMF, such as the five-site pairwise additive potential (OPLS) [9] [10] [11] and the six-site optimized potential (OPLS). 8, 12, 13 An quantum chemical potential was produced for six interaction centers of liquid DMF by means of ab initio calculations where the SCF interaction energies were obtained using the 6-311G(d,p) basis set of the Gaussian 98 program.
14 It should be noted that the five-and six-site OPLS models are based on the experimental conclusion that DMF has no H-bonding possibility in pure liquid phase, even though an energy of 23.45 KJ/mol for hydrogen bond (-HC=O· · ·HC=O) in liquid DMF was calculated from the vaporization enthalpy.
parameters of carbon on methyl groups. With this modification H-bonds were found between DMF-water, 20, 21 however, it was not tested with pure DMF.
The additive force fields with Lennard-Jones potential or other simple functions have shown reasonable accuracy in treating hydrogen bonding under normal conditions. The existence of weak hydrogen bond (-H-C=O· · ·HC=O) in liquid DMF was concluded based on a small positive charge on the hydrogen atom. 9, 19 Reliability of the OPLS and OPLS-AA potentials has been tested, showing that the fixed charge force fields can well reproduce many of the structural, thermodynamic, and transport properties of organic molecules, including DMF. However, two key points to be noted during electrospinning are the polarization of molecules and the accumulation of net charges on the molecules. It was found more net charge is accumulated in the molecules in contact with and close to the positive electric pole plate, particularly when high electrostatic field is applied, affecting the spinnability of a PVDF/DMF solution. 5 The fixed atomic point charge force fields show their incapability of representing the electrostatic potential around molecules and of accurately calculating intermolecular forces.
When an external electric field is applied, one first notes the deformation of molecule geometry and local order in the liquid caused by the interaction of the field with the charged atoms. This has been included into most MD packages. Another important response to the externally applied electric field is electric polarization. This response results in molecule deformation through the distortion of the electron density (i.e., the so-called inertia-less polarization) and the displacement of atomic nuclei (i.e., the inertial polarization). In molecular dynamics simulation, this effect has generally been treated by the introduction of an atomic polarization term in response to the redistribution of the electronic density, while the molecule geometry is held frozen.
Various polarization models have been discussed in details [22] [23] [24] and the polarizability of atoms and molecules in electric fields has been reported. 25 The most common methods to treat polarization include induced dipoles, 22, [26] [27] [28] [29] [30] [31] fluctuating charges, [32] [33] [34] [35] and Drude oscillators. 36, 37 The polarizabilities of atoms of DMF and other amides can be found in an early publication. 38 The polarizabilities developed by Applequist 38 were used for liquid Nmethylacetamide and its aqueous solution by Caldwell and Kollman. 30 The additive model atomic partial charges being the restrained electrostatic potential (RESP) charges were determined using the 6-31G * basis set in Gaussian, and the force field parameters for the additive model were calculated based on the Cornell et al. force field. 26 A multicentre multipole expansion (MME) charge distribution over the atoms in molecules and polarizabilities were used in the nonempirical molecular orbital (NEMO) potential and tested with liquid formamide, where the molecular dipole moment and polarizabilities are scaled using rations of the values obtained from the second-order Møller-Plesset (MP2) and the SCF calculations. 39 A polarizable intermolecular potential function (PIPF) for the simulation of liquid amides was developed by introducing a nonadditive polarization term and the empirical parameters were optimized through Monte Carlo simulations of liquid formamide, N-methylacetamide, N-methylformamide, and N,N-dimethylformamide. 40 The induced dipole model (PIPF) was introduced into CHARMMA and its applications to liquid amides, including formamide, N-methylacetamide, and N-methylformamide, and N,N-dimethylformamide was discussed. 41 Comparison of the PIPF and OPLS showed that they predicted similar thermodynamic and structural properties of liquid DMF under normal conditions. 8 Currently there is little study to test its reliability in predicting the physical properties and structure of amides and other molecules under strong external field, although the main advantage of the PIPF model over fixed point charge models, OPLS and OPLS-AA, to be claimed is its ability to provide information about the polarization effects among the molecules in liquid systems.
Another polarizable force field that includes those parameters for various amides is the AMOEBA (Atomic Multipole Optimized Energetics for Biomolecular Applications). [42] [43] [44] [45] [46] Comparison of the results for a large set of amino acids under normal conditions showed that the polarizable force fields were more accurate than the fixed charge models. 47 The force field considers the monopole (charge), dipole, and quadrupole moments at each atomic center, and the induced dipole moment at each polarizable atomic site is only submitted to the permanent atomic multipoles. The contribution of externally applied electric field was not included. The AMOEBA force field uses Thole's interactive induction model to treat the polarization effects and a damping scheme is employed for atoms at very short distance to avoid the so-called polarization catastrophe. This approach could be very important with respect to the convergence of the polarization energy, when an extreme high external electric field is imposed on atoms.
In the present work, the AMOEBA force field is extended to include the effect of externally applied electric field; that is, in addition to the bonded and nonbonded terms in the AMOEBA, the interactions of atoms with the external electric field due to atomic partial charge and polarization are also taken into account into the potential. With the modified force field, the thermodynamics properties and structure of pure liquid DMF under a wide range of liquid-external uniform electric fields (0.001 V/nm to 1 V/nm) are investigated. The effect of external electric field on molecular structure and intermolecular interaction is determined by analysing the variations of induced dipole and various energy components. The structure of liquid DMF under different external electric fields is characterized by its local molecule order and molecule orientation.
II. SIMULATION DETAILS
The molecular dynamics simulations are run in the NPT ensemble consisting of 128 DMF molecules placed in a box with periodic boundary conditions at an average temperature of 300 K and 1 atm. To determine the sensitivity of the results to system size, the calculation with 256 DMF molecules at 300 K was performed and yield a value for the total potential energy of each molecule (-E pot ) that is only 2.74% lower than the results obtained from the 128 molecule system. Further computation to demonstrate the reliability of the obtained results from the 128 DMF system was not undertaken, however the MD results have provided no evidence to suggest that use of 128 molecules is inadequate. A summary of MD simulations with 64, 128, 256, and 500 DMF molecules at 298 K and 372 K using different force fields 8 shows a low error between the different systems in the prediction of the thermodynamic properties and the bulk properties of DMF liquid, for instance, less than 3% for total potential energy and 0.2% for molar volume, and the error is greatly attributed to the force fields.
The configuration of the liquid phase for property calculation was generated by a NPT dynamics simulation of 2 ns on an initial box with a lower density (0.9 g/cm 3 ) than the experimental value. In the dynamics simulation, the lengths of the periodic box along all axes (x, y, and z) were allowed to change and the results showed that the obvious shrinkage of the box, or the change of mean liquid density of 0.1 ps, occurred in the first 50 ps. The obtained liquid phase from such a long time (2 ns) NPT calculation then has a comparable density (0.959 ± 0.006 g/cm 3 at 300 K) to the experiments (0.949 g/cm 38 and 0.944 g/cm 348 at 298 K). Another 1 ns dynamics simulation was performed to calculate the properties of the system without external electric field.
The dynamics simulations were successively performed for the systems under constant uniform external electric fields of 0.001 V/nm, 0.01 V/nm, 0.1 V/nm, and 1 V/nm. In other words, the system resulted from the lower electric field was used as initial liquid structure for the simulation of higher electric field. Each external electric field was imposed for 1.2 ns. The first 1 ns was for the system to reach an equilibrium, the rest to calculate the properties of the system. More detailed information is included in Sec. III.
The constant uniform external electric field, E e , is applied in the z-direction throughout the entire simulation periodic cell. This gives a constant force, q i · E e , on all the charges in the system, regardless of their position, where q i is the charge of the ith atom. The atom charges of DMF molecules are from the AMOEBA09 and are fixed; that is, there is no net charge on each molecule. Therefore, electrophoresis does not occur, even for the case of the highest external electric field. The net force on the entire system due to the uniform electric field would be very small.
The polarization of the atom, i, in the system is attributed to the total electric field at its nuclear position, which includes the field, E d i , generated directly by all other sites, j, and the constant external electric field, E e . The determination of E d i has been discussed in details, 43, 44 which arises from the permanent multipoles, M j , and the induced dipoles μ ind j . The multipole is defined at atomic center with a local reference frame formed by neighboring atoms and composed of a point monopole (partial charge), q i , a dipole vector, d iα (α = x, y, and z), and a quadrupole tensor, Q iβγ (β, γ = x, y, and z). 45 The permanent atomic multipoles were derived from ab initio quantum mechanics (QM) calculations using the distributed multipole analysis (DMA) 49 and electrostatic potential fitting. 45, 50 In brief, the procedure of parameterization mainly includes the optimization of geometry with QM at the HF/6-31G * level, initial QM single-point calculations at the MP2/6-311G * * level of theory for electron density matrix and the derivation of initial atomic multipoles from the matrix using the DMA procedure, the electrostatic potential calculation for a gird around each molecule at high-level basis set (MP2/6-311++G(2d, 2p) or MP2/aug-cc-pVTZ), and the optimization of the initial atomic multipole values by fitting to the grid of electrostatic potentials. The electronic polarization is a many-body effect, where the local field produced by the external electric field, permanent multipoles and induced dipoles induces a dipole at each polarizable site, and each induced dipole then updates the field and further polarizes other atoms. This can be treated via Thole's interactive induction model, 51 in which the induced dipole at a site continues to polarize other sites until the induced dipoles at all sites achieve convergence. In the present work, the DIRECT scheme was used for the polarization term. In other words, only the external electric field and the field produced by permanent multipoles were used in the calculation of induced dipoles and the induced dipoles did not involve into the iteration. The comparison with the simulation including the selfconsistency computation of induced dipoles (mutual dipole polarization) shows that the DIRECT approach can offer comparable results to the "mutual" calculation, but the computation time is significantly reduced due to the elimination of the self-consistent treatment of polarization effects. In details, the DIRECT approach produced a 4% lower total potential energy and 13% lower polarization energy for the system without external electric field, compared with the mutual dipole polarization.
The quantum mechanics calculations performed in the current work show that when an external electric field of more than 1 V/nm is applied into the system, its contribution could be up to or more than that of E d i . One could note the convergence of the polarization if such a high field is directly applied into calculation. By default, in order to avoid the "polarization catastrophe" AMOEBA uses a universal polarization damping factor of a = 0.39, which was determined based on a fit to water cluster energies 43 and can be used for atoms in small organic molecules and singly charged ions. 46 A stronger damping (a < 0.39) has been suggested to better represent the electric field around ions. 44, 46, 52 In the present work, a lower damping factor (a = 0.2) was selected, based on the values for doubly charged cations added to the AMOEBA force field, 53 albeit it was found the performances by using the default factor and the lower one are similar.
The molecular dynamics simulations were performed with a modified version of the open source Tinker software. 54 Particle-mesh Ewald summation method 55, 56 was used to treat the long-range electrostatic interactions for both charge and polarization with a real-space cutoff radius of 9.0 Å, a grid size of about 1 Å, and fifth-order B-splines. A cutoff distance of 12 Å was applied for the vdW potential energy interactions. The systems were simulated in the NPT ensemble to ensure the probable change of liquid volume caused by the external electric field. Both the temperature and the pressure were controlled by means of the Berendsen thermostat, 57 whereas a coupling time of 0.1 ps was used for temperature and 1.0 ps for pressure. The motion equations are integrated using the well-known Velocity Verlet algorithm 58 with a 1.0 fs time step.
III. RESULTS AND DISCUSSION

A. Polarization
The presence of an external electric field leads to the distortion of electron density and the electronic polarization provides important information about the interaction of molecules. In the modelling, induced point dipole moment was calculated at each polarizable atomic site according to the electric field. Molecular polarization is based on a Thole-style damped interactive induction model with distributed atomic polarizabilities. The induction scheme can be found in the literature. [44] [45] [46] The dipole moments were calculated for all the molecules in the system (Table I ). It was found that the dipole moment of the molecules in the condensed phase varies in a wide range, even though there is no external electric field applied. The polarization of a molecule greatly relies on its position and surrounding environment, which is not a surprise considering that in the interactive atomic dipole induction scheme the induced dipole at each polarizable site is submitted to the permanent multipoles and induced dipoles of itself and other atoms, and also considering the difference in the orientation of molecules with respect to the direction of external electric field being applied to the system. The effect of the molecular environment, i.e., the field felt by the molecule, is therefore significant. Experiments have showed that the dipole moment of DMF in benzene solution changes from 3.84 D at 298 K to 4.06 D at 313K and a combined quantum mechanical and molecular mechanical (QM/MM) approach has produced the dipole moments of 3.62 D, 4.05 D, and 5.08 D for DMF in CCl 4 , CHCl 3 , and water, respectively. 40 There are no direct experimental data that can be used to validate the polarization of DMF molecule under external electric field; comparison of the dipole moments with those from the QM calculations is therefore important. In the present work, a DFT method (B3LYP/6-31+G(d,p) level of theory) and a high-level ab initio method (MP2/aug-cc-pvtz level) were used. The atomic charges fitted to reproduce the molecular electrostatic potential were calculated according to the MK scheme 59, 60 to reproduce the dipole moment. The external electric field was imposed in the x-direction. The calculations were performed for DMF monomer with Gaussian 09, 61 so that all intramolecular interactions were included in the calculation. As the atomic multipole electrostatic parameters for MD force field have initially been derived from ab initio calculations and validated by QM calculation, an excellent agreement between the dipole moments from MD and QM calculations is primarily expected for the system without external electric field after considering that the dipole moment from MD includes the induction from the system. The MD results were well validated by the MP2/aug-cc-pvtz calculations, which produced higher dipole moments than the B3LYP/6-31+G(d,p) level for DMF under no and low external electric fields and somewhat lower at high external electric fields. The two QM methods produced approximately the same impact strength of external electric field on the dipole moments for all cases. The contribution of local electric field produced by the permanent and induced multipoles to the polarization of a molecule is gradually reduced, as an external electric field is applied, which induces a significant change in the electronic density and electrostatic potentials of the molecule. For this reason and that the variation in dipole moment from the QM calculations mainly presents the contribution of the external electric field, the dipole moments from QM are closer to the average values of the MD results at low external electric field intensities (E e < 0.1 V/nm) and to maximums at high field intensities (E e > 0.1 V/nm). Another comparison performed is with the PIPF, 40, 41 which calculate dipole moment from the induced moments determined by the defined polarizabilities and the defined permanent charges on the atoms in the liquid, whereas the permanent atomic multipoles in AMOBEA include the monopole (charge), dipole, and quadrupole moments. Gao et al. 40 reported a total dipole moment of 4.93 D for liquid DMF by using a previous PIPF force field (PIPF-A). In contrast, the current PIPF gives a total dipole moment of 4.4 D for a liquid phase composed of 256 DMF molecules at 298 K without the presence of external electric field, 41 which is in good agreement with the present QM (MP2/aug-cc-pvtz level) calculation and MD results.
The dipole moment magnitudes of all molecules were averaged and used, along with the minimum and maximum values of the dipole moments, to evaluate the response of polarization of molecules in liquid state to the external electric field (Table I) . The difference of them to the dipole moment of DMF monomer should be attribute to the polarization of the molecules, which is due to not only the external electric field but also the permanent multipoles. The mean, minimum, and maximum show the same influence feature of the external electric field on the DMF polarization. Clearly, the effect is great at external electric fields of higher than 0.1 V/nm. The dipole moments of condensed phase are enhanced about 10% by 0.1 V/nm and 20% by 1 V/nm, whereas the average dipole moment in the liquid phase is increased by only 0.9% and 1.4% in 0.001 V/nm and 0.01 V/nm, respectively.
B. Change of liquid structure
Pair correlation functions
The change of intermolecular structure of the liquid under external electric field is investigated in terms of the pair correlation functions, g ab (r), which represent the ratio of number density of an atom of molecule b at a distance r from an atom of molecule a to the average number density of the atom. The calculation of these functions is performed for atoms to N, atoms to O and C to C with a correlation distance of 16 Å and a resolution of 0.1 Å, as shown in Figs. 1 and 2 .
Before examining the effect of the external electric field, the current results for the system at normal conditions were compared with other models, including by comparing the positions and heights of the aforementioned correlation functions to those from the different OPLSs 8, 10 and PIPF. 40, 41 It was found that there is a good agreement on the characteristics of the depicted functions, considering that the calculations of the redial distribution functions include the intramolecular atoms in the MD simulations of Gao et al. 40 It is also noted that the N-N distribution in liquid DMF does not change with temperature at the normal pressure.
It is interesting to find that the distances between the molecule centers and between the methyl groups of a molecule to other molecule centers are not considerably influenced by the external electric field (Fig. 1) . The N-N correlation function can be considered as the center of mass (COM-COM) distribution of the system. It is observed that the position of the first peak is at 5.5 Å and does not change with the applied external electric field. The inspection of the data of first peaks for different external electric fields shows that the probability of the N-N distance increases when the external electric field is higher than 0.1 V/nm. An obvious increase can be found for the external electric field of 1.0 V/nm (Fig. 1) , which comes with the decrease in the probability of the distances of less than 4.9 Å, especially, the decrease at the distances of less than 4.3 Å. This indicates that the distribution of molecules in the liquid phase becomes more regular when a high-strength uniform external electric field is applied. The integration of the distribution of the first peak produces 4.08 neighbors for systems at normal conditions and with applied external electric fields of 0.001 V/nm and 0.01 V/nm, 4.09 neighbors for the system with 0.1 V/nm external electric field, and 4.23 neighbors for the system with 1.0 V/nm external electric field. The inspection of the second peak of the N-N distribution shows the peak position shifting to a larger distance as the external electric field is imposed, whereas the location of the overall g ab (r) distribution corresponding to the second peak does not change. This confirms the experimental results 62 and the MD results with other potentials, 8 which show that the DMF molecules tend to form some local orders at an intermolecular distance of about 5.5 Å, and suggests that this structural feature is not influenced by applying external electric field.
The effect of the external electric field on this liquid structure is mainly presented by the distribution functions of O-O, O-C, O-H, and C-C (Fig. 2) , which are the peripheral intermolecular interactions in the liquid, exhibiting a pronounced first peak at a relatively shorter distance followed by a higher second peak at ambient temperature and normal pressure. The application of external electric field reduces the intensity of the first peaks and, on the other hand, increases the second peaks of these site-site distributions. When the external electric field is 1.0 V/nm, the first peaks of the O-O and O-H distribution appear to be very weak and the one of the O-C distribution disappears. By analysing the second peaks of O-O and O-C distribution functions it can be found that both correlations exhibit a similar variation behavior with the application of external electric field, tending to a shape with only one intensive peak at the distance (5.9 Å for O-O and of 5.3 Å for O-C) that is approximately the same as the position of the second peak of their distribution at normal condition (E e = 0). Similar to the effect on weakening the first peaks of O-O and O-C, the external electric field also results in the variation of the number of the interaction of O-H at a short distance (2.5 Å). However, compared to the change of the O-O and O-C distributions, the second peak of the O-H distribution is not intensified, on the contrary, but weakened. Note that the first peaks of O-O, O-C, and O-H distributions are relatively weak in the liquid. Concerning the C-C distribution, the notable change is the broadening of the second peak and the decrease in the distance beyond the second peak. These behaviors indicate that, in addition to order the molecules to the specified direction, the external electric field strengthens the dipolar interactions and reduces the steric effects among neighboring molecules.
The influence of the external electric field on the methyl groups shows a different characteristic (Fig. 2) . Note that the C(cis) is the methyl group next to the oxygen atom. It is the nature of this liquid at normal conditions that the first peak of the C(trans)-O function is more intense than the first peaks of the C(cis)-O and the three aforementioned functions (O-O, O-C, and O-H). 8, 14 The present work shows that the first peak of the O-C(trans) function does not change with the external electric field. One variation that can be observed in the O-C(trans) function is a new peak appearing at the right-hand side of the plateau between 7.2 and 9.0 Å when the electric field is higher than 0.1 V/nm. On the contrary, the first peak of the O-C(cis) function increases and tends to have a shape same as the shape of the O-C(trans). This can be explained by the strong dipole moment and the tendency to form a coplanar arrangement.
Another notable change is of the O-H distribution. It is found that the results at normal conditions are somewhat different from the MD results with 6-site OPLS 8 and OPLS-AA potentials. 9 They produce first peak height about 1.23-1.30 between 2.6 and 2.9 Å; however, the present MD shows a first peak at a shorter distance (2.5 Å) with a lower maximum height (1.02). With the application of external electric field, the first peak tends to be vanished (Fig. 2) . It is also found that the retained second peak is located at a distance approximately the same as the location of the O-O distribution. This is because of the rotation of some molecules along the dipole moment, by which, to form a local liquid structure where the planes of two neighboring molecules are nearly parallel.
The change of the O-H contacts with the external electric field, together with the O-H(cis+trans) distribution, also confirms the existence of weak hydrogen interactions between the oxygen of a hydroxy group with the hydrogen of other hydroxy groups (-H-O· · ·H-O-) and with the hydrogen of a methyl group (-H-O· · ·CH 3 ) at normal conditions. 15 
Angle distribution density
The effect of external electric field on the structure of the DMF liquid was also confirmed by analysing the orientation and alignment of the molecules (Fig. 3) . The principal axes of each molecule were calculated from 100 frames and the first and third components (MA1 and MA3) were used to represent the plane and orientation of the molecules, respectively. To confirm the local order in the liquid, a distribution density was thereafter calculated for both the dihedral angles, θ dih , i.e., the angle between the first principal axes of two neighboring molecules, and the angle between MA3s of molecules and their neighbors, namely, the orientational angles, θ oo (Fig. 4) . A distribution density of the molecule orientations with respect to the direction of the external electric field, θ oe (Fig. 5) was also calculated to demonstrate the configuration of molecules under electric field. In the present cases, θ oe is defined by the angle of the vector MA3 to the x-y plane of the simulation systems used, as the uniform external electric field is in the +z direction. Mathematically, the distribution density p(x) is approximated by a set of delta functions of p i (x) at a value, x i , of the concerned parameter and has ∫ should refer to the molecules in tail-to-tail and head-to-head dimmer configurations and some molecule clusters.
Under the external electric fields of less than 0.01 V/nm, the local structure does not change with the electric field (Fig. 4) . Most of the nearest neighbors align with the central molecule at a dihedral angle of about 55
• -85
• and an orientational angle of about 50
• -75
• . The integration of the density yields 4 and 3 neighbor molecules for the two molecule orderings (θ dih = 55
• and θ oo = 50
• -75 • ), respectively. Note that the close inspection of the local structure of some molecules reveals that the number of the nearest neighbors of each inspected molecule is in the range of about 11-12.
Having a dihedral angle of near 0 • or 180
• suggests that the neighboring molecules are in coplanar or parallel-plane arrangement. Only concerning the dihedral angle and orientational angle distribution densities at normal condition in Fig. 4 , the inclination of the curves to the angles of 0
• indicates the preferential dimmer configurations and the existence of some tail-to-head arrangements (θ oo →0
• ) for nearly coplanar configurations (θ dih →0
• and 180 • ) and a few tail-to-tail With regards to the minimum energy, the tail-to-tail intermolecular interaction in the liquid, in which the constitutive molecules have a strong dipole moment, cannot be energetically stable enough. This has been discussed with the disappearance of the first peak of the O-H distribution (Fig. 2) . This feature is also confirmed from the orientationalangle distribution density with the reduction of the maximum angle of the probable molecular arrangement of 140
• under external electric field of 0.1 V/nm to 70
• under 1.0 V/nm (Fig. 4) .
One important concern in the current work is the strength of external electric field under which the molecules in the liquid start to rotate. The MD results show that the strength should be about 0.01 V/nm (Fig. 5) . Closely inspecting the orientation distribution density of molecules under the strength shows that the density for angles between 5
• and 20
• is reduced. Noting that there is an angle of 170.3
• between the molecule orientation and its dipole moment (or 9.7
• between the opposite direction of dipole moment and molecule orientation, -DM-MA3) (Fig. 3) , it is easily understood the rotation of those molecules that has a dipole moment closely normal to the external electric field, if considering the moment of forces imposed by the electric field. However, under such a low external electric field strength, the number of molecules that can be moved is limited and their rotation would not have an obvious influence on the local molecule arrangement (Figs. 2-4) .
There is no doubt that the uniform external electric field has significant effect on the array of dipole molecules. However, the main concern in this study is to what extent the different external electric fields can influence the liquid DMF structure. Figure 5 shows that the molecules nearly normal to the electric field, in specific the molecules of θ oe < 20
• , are rotated by the 0.1 V/nm electric field and all molecules in the liquid are well arranged by the 1.0 V/nm electric field. A maximum distribution density is found at θ oe = 77.5
• for the external electric field of 1 V/nm. Considering the angle between the molecule orientation and the dipole moment (170.3
• ) and by assuming molecule dipole moments tending to be parallel with the direction of the external electric field, it can be estimated that the angle with the maximum density is 87.2
• . One could expect that θ oe is 90
• by supposing that the dipole moments are parallel to the direction of the electric field. However, when considering the intermolecular interaction and the existence of molecules that are greatly angled to the electric field direction, it is understood the nature of θ oe < 90
• . Therefore, the angle of 87.2
• and the angle of 78.2
• for the 0.1 V/nm electric field (calculated from the θ oe with the maximum density plus the angle of -DM-MA3) do have physical meaning and quantitatively represent the effect of the corresponding external electric fields. In addition to the quantification of the molecule rotation to the opposite direction of the electric field, the rotation of neighboring molecules to each other is also characterized. Figure 4 shows that the angles between the orientations of neighboring molecules, with respect to the maximum probability, are 15.5
• and 33.5
• under 1 V/nm and 0.1 V/nm electric fields, respectively. This confirms that, because of the intermolecular interactions, the most of dipole moments are nonparallel to the electric field direction.
Under an external electric field the neighboring molecules also rotate on their axes (MA3) to form a local molecule order where most of the molecules are nearly parallel, as demonstrated from the variation of the distribution density of dihedral angles shown in Fig. 4 . The shift of the peak from an angle close to 90
• to an angle close to 0
• indicates a rotation from near-perpendicular to near-parallel configurations. Note that the most neighboring molecules also face approximately the same direction.
One may also expect the distribution of dipole moments of the molecules in the liquid. However, the dipole moment of each molecule changes, in both its magnitude and its direction, with not only the applied external electric field but also the molecule polarization achieved based on the point dipole moments at each polarizable atomic site of the molecule. Furthermore, the polarization of each atom is dependent on its neighbors and self-dependence. By taking all of the above considerations into account, it can be anticipated that, compared to the principal axes, the analysis of the liquid structure based on the dipole moments would be very complex and not immediately apparent.
C. Thermodynamic properties
The temperature, T, the pressure, P, and the density, ρ, of the system, the mean potential energy of each molecule in liquid phase, E pot , the energy due to the external electric field, E eef , the van der Waals, E vdw , and atomic multipoles, E pam , to the total energy of each molecule were calculated for different external electric fields, E e (Table II) . The van der Waals (vdW) intramolecular, E vdw-intra , and vdW intermolecular interaction, E vdw-inter , of each molecule in the box were calculated and their average together with the minimum and maximum values are given in Table III. The heat of vaporization, H vap was calculated from the total intermolecular potential energy of the liquid, E inter (l), the intramolecular energies of the liquid, E intra (l), and the gaseous phase, E intra (g), and the PV component by Eq. (1) . E inter (l) was computed over all the intermolecular energies at a cutoff of 12.5 Å. E intra (g) was determined by excluding the binding energy obtained by QM calculation at the MP2/aug-cc-pvtz level 63 from the AMOEBA energy of a gas phase dimer 46 :
The present MD results were first compared to the experiments and MD results from OPLS and PIPF force fields before analysing the effect of external electric field. The comparison was only performed for the liquid phase under normal condition (E e = 0), as there is no experimental and calculated data for the influence of external electric field on the thermodynamic properties of the liquid. Although the electric field plays an essential role in the concerned processes, more attentions have been paid to the process response and the effect on the product properties, because of the difficulty in the observation of the thermodynamic properties of the liquid being under an external electric field.
The comparison clearly indicates the strengths and weaknesses of the AMOEBA in describing the thermodynamics of this liquid. When compared to the experimental data, it slightly underestimates the potential energy of the DMF liquid. This feature is also found after carefully analysing the results of its application to other liquid amides and some small molecules. 46 It has been claimed that the overall performance of the AMOEBA on the predicting properties of 30 small molecules is slightly better than traditional fixed charge force fields. 44 The comparison in the present work, however, shows that the united-atom and all-atom OPLS models and PIPF mode can produce a potential energy for DMF liquid that is in good agreement with the experimental results and some OPLS models give a better prediction on the density and vaporization of this liquid. However, it should be kept in mind that the results are, to certain extent, dependent on the size of box and computational conditions used in the modelling and this has been widely demonstrated. Table II clearly shows the influence of external electric field on the liquid properties. It becomes important when it is up to 0.01 V/nm, at which the contribution of external electric field to the total energy increases to 0.8% and an obvious increase in density and decrease in the potential energy and vaporization can be found. This is excellent agreement with the pair correlation functions and the angle distribution densities.
It can be seen that the permanent atomic multipole component (E pam ) is the major contribution compared to that of other components in all cases except the external electric field of 1.0 V/nm. Specially, the ratio of E pam /E vdw is approximately 2. Considering this including the contribution of charges in the AMOEBA force field, the ratio is first compared with these from the OPLS 8 and PIPF 40 models. However, it is found that, on the contrary, these models yield much lower electrostatic energies (E ele ) than van der Waals parts (E vdw ), in specific, the ratio (E ele /E vdw ) is about 0.5 and 0.8 for most OPLS models and PIPF, respectively. If considering that the atomic multipole component (E pam ) also includes the contribution of the dipole and quadrupole moments of the atoms that have high polarizabilities, this inconsistency is understandable. Furthermore, the AMOEBA, OPLS, and PIPF use different functions for the pairwise additive van der Waals interaction, the former adopts the buffered 14-7 functional form, 65 whereas the latter two use the Lennard-Jones 6-12 function. The difference in the results of the two functions has been discussed. 44 By comparing the atomic multipole energies from different external electric field, it is clearly seen that the energy increases with the strength of electric field. This is also attributed to the change of dipole and quadrupole moments with the external electric field.
The mean vdW energies over the system show a complex effect of the external electric field. As shown in Figs. 4 and 5, the molecules in the liquid arrange in a wide range of orientation. The external electric field influences not only the intermolecular interaction but also the molecule structure (Table III) • Therefore, when the changes of molecule structure and the local order of molecules are taken into account, the complexity of the influence can be expected. Although the mean values of E vdw-inter and E vdw-intra somewhat represent this feature, the minimum and maximum values of both interactions more clearly show the dependence of local molecule interaction and atomic vdW interaction of specified molecules on the external electric field.
IV. CONCLUSIONS
When an external electric field is applied to a molecular cluster and a condensed phase, it not only generates an electrostatic force on each charged atom but also leads to distortion of electron density, which in turn changes the local electric field and then the electrostatic force on the points that can feel the change. In the present study, we extend the AMOEBA polarizable force field to include these interactions. With this extended force field, the effect of externally applied uniform electric fields with different strengths on the structure of liquid N,N-dimethylformamide has been studied through NPT molecular dynamics simulations performed on a high-performance computing (HPC) system. The molecular polarization, intermolecular interaction, local molecule order, and energies as well as the thermodynamic and structural properties of the liquid in response to the external electric field were analysed and compared with experimental results and other molecular dynamics simulations with united-atom and all-atom OPLS and PIPF force fields. Quantum mechanics calculations at B3LYP/6-31+G(d,p) and MP2/aug-cc-pvtz levels were also performed to evaluate the molecular dynamics simulation.
The results of the simulations for a wide range of external electric field strengths (from 0 V/nm to 1 V/nm) show that the external electric fields of higher than 0.01 V/nm have a significant effect on the structure of liquid N,N-dimethylformamide. It is mainly represented by the peripheral intermolecular interactions in the liquid, i.e., the weakening of O-O, O-C, O-H, and C-C interactions and the enhancement of O-C(cis) and O-H(trans and cis) interactions. The effect is first attributed to the rotation of the molecules with an angle of about 10
• with respect to the direction of applied external electric field. Under a uniform external electric field, in addition to the rotation to the electric field, a major response of liquid phase is the motion of molecules tending to form a local structure where molecules are near-parallel to one another. Nevertheless, the distances between the molecule centers and between the methyl groups of a molecule to other molecule centers are not considerably changed under the external electric fields of less than 0.1 V/nm. The molecules would be well aligned when a uniform electric field of more than 1 V/nm is applied. The relative orientation and alignment of neighboring molecules are very sensitive to the electric field strength, and they can be well represented by the distribution densities of the molecule orientations, the dihedral angles and the orientational angles between molecules and their neighbors, which are defined in this paper.
The external electric field induces minor geometrical deformations in the molecule, in specific, the N-C and C-O bonds and the C(cis)-N-C(trans) and N-C-O angles. The dipole moments of the molecules in the liquid phase greatly depend on their position and surrounding environment and vary in a wide range, even though at a high external electric field (more than 0.1 V/nm) at which the influence on the molecule polarization is great, for instance, the mean dipole moment is increased about 10% and 20% by 0.1 V/nm and 1 V/nm external electric fields, respectively. Owing to the molecules in the liquid phase have different orientations with respect to the direction of the uniform external electric field, the influence of the electric field on the intermolecular interaction for the entire liquid phase is very complex. The weak hydrogen bonds, H-C=O· · ·H-C=O, are eliminated to a certain degree corresponding with the strength of the external electric field, while the interaction between the oxygen with the hydrogen of methyl group (H-C=O· · ·H 3 C) are slightly enhanced. 
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